Decreased levels of tetrahydrobiopterin (BH4), an absolute cofactor for nitric oxide synthase (NOS), lead to uncoupling of NOS into a superoxide v. nitric oxide producing enzyme, and it is this uncoupling that links it to the development of vascular disease. However, the effects of in vivo deficiency of BH4 on neointimal formation after vascular injury have not been previously investigated. Hph-1 mice, which display 90% deficiency in guanine triphosphate cyclohydrolase I, the rate limiting enzyme in BH4 synthesis, were used. Hph-1 and wild-type mice, treated with either vehicle or BH4 (n ϭ 15 per group), were subjected to wire-induced femoral artery injury, and NOS expression and activity, inflammation, cell proliferation, superoxide production, and neointimal formation were assessed. The major form of NOS expressed over vessel wall after vascular injury was endothelial NOS. Hph-1 mice exhibited lower NOS activity (2.8 Ϯ 0.3 vs. 4.5 Ϯ 0.4 pmol/min/mg protein, P Ͻ 0.01), and higher aortic superoxide content (5.2 Ϯ 2.0 ϫ 10 5 cpm vs. 1.6 Ϯ 0.7 ϫ 10 5 cpm, P Ͻ 0.01) compared with wild-type controls, indicating uncoupling of NOS. Treatment of hph-1 mice with BH4 significantly increased NOS activity (from 2.8 Ϯ 0.3 to 4.1 Ϯ 0.4 pmol⅐min Ϫ1 ⅐mg protein
, P Ͻ 0.05), and attenuated superoxide production (from 5.2 Ϯ 2.0 ϫ 10 5 cpm to 0.8 Ϯ 0.7 ϫ 10 5 cpm, P Ͻ 0.05). Hph-1 mice also had higher inflammatory reactions and more cell proliferation after vascular injury. Furthermore, hph-1 mice responded by a marked increase in neointimal formation at 4 wk after vascular injury, compared with wild-type controls (intima:media ratio: 4.5 Ϯ 0.5 vs. wild-type 0.7 Ϯ 0.1, P Ͻ 0.001). Treatment of hph-1 mice with BH4 prevented vascular injury-induced increase in neointimal formation (intima:media ratio: 1.4 Ϯ 0.1 vs. hph-1, P Ͻ 0.001). Treatment had no effect on wild-type controls. In summary, we describe, for the first time, that in vivo BH4 deficiency facilitates neointimal formation after vascular injury. Modulation of BH4 bioavailability is an important therapeutic target for restenosis. restenosis; superoxide; nitric oxide synthase NEOINTIMAL FORMATION AND RESTENOSIS after vascular injury have been ascribed to a number of factors, including endothelial dysfunction, increased reactive oxygen species production, and accelerated smooth muscle cell migration and proliferation (5, 23) . Nitric oxide (NO) produced by endothelium plays an important role in attenuating smooth muscle migration and proliferation, and decreasing neointimal hyperplasia by numerous mechanisms (25, 28) . Tetrahydrobiopterin (BH4) is an absolute cofactor required for nitric oxide synthase (NOS) and maintains NOS as a NO vs. superoxide-producing enzyme (18) . BH4 exerts this action through serving as an electron donor for the hydroxylation of L-arginine. Suboptimal concentrations of BH4, as observed in states of cardiovascular disease, led to an uncoupling of NOS with diminished NO and exaggerated superoxide anion production. NOS may become a source of oxygen-derived free radicals (9, 27) , which may promote the development and progression of vascular disease. However, the effects of in vivo deficiency of BH4 on restenosis after vascular injury have not been examined.
The hph-1 mouse exhibits a genetic 90% deficiency in GTP-cyclohydrolase-1, the rate-limiting enzyme in BH4 synthesis (22) , and is therefore associated with marked reduction in BH4 levels (1) . We have previously used this model to investigate in vivo BH4 deficiency (15) . In the present study, we adopted a femoral artery wire injury model to investigate the effects of in vivo BH4 deficiency on neointimal formation, in addition to the expression pattern of NOS and the inflammatory and proliferative responses to vascular injury. We also tested the effects of BH4 supplementation on the aforementioned outcomes.
METHODS

Animals and groups.
Hph-1 and wild-type (C57BL ϫ CBA) mice of the same strain (11 wk old) were obtained from Dr. Keith Hyland (Institute of Metabolic Disease, Baylor University Medical Center, Dallas). In accordance with guidelines of the Canadian Council on Animal Care, mice were housed in the Animal Care Facility of the Toronto General Hospital, Toronto, Canada. Animals were exposed to a 12:12-h light-dark cycle and fed chow and water ad libitum. The protocol was approved by the Toronto General Hospital Institutional Review Board.
Wild-type and Hph-1 mice were randomly divided into four groups (n ϭ 15 per group): wild-type untreated, wild-type BH4-treated, hph-1 untreated, and hph-1 BH4 treated. BH4 treatment was administered at a dose of 10 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ip (13) . In each group, we investigated the vascular changes after 4, 7, 14, and 28 days after femoral artery angioplasty. BH4 was started 1 wk before surgery and administered for another 4 wk after surgery.
Mouse femoral artery injury model. Transluminal mechanical injury of bilateral femoral arteries was induced by inserting a straight spring wire (0.014 inch in diameter) as previously described (24) . At different time points (4, 7, 14 , and 28 days), femoral arteries were excised and fixed in 10% formalin. The paraffin-embedded sections were used for immunohistochemical staining.
Histological assessment of postangioplasty neointimal formation. Cross-sectional rings (4 M) were stained with hematoxylin and eosin, Trichromes stain, Ki-67 (monoclonal rat anti-mouse antibody, DAKO, Carpinteria, CA), Mac-3 (rat anti-mouse monoclonal antibody for monocyte and macrophage, Pharmingin), endothelial constitutive NOS (eNOS, sc-8311), and inducible NOS (iNOS, sc-651) (polyclonal rabbit anti-human antibody with cross-reaction to mouse; Santa Cruz Biotechnology, Santa Cruz, CA). Formalin-fixed, paraffinembedded sections were treated with pepsin, or HIER, if necessary, and stained with primary antibody (Ki-67, Mac-3, eNOS and iNOS). Species-specific biotinylated linking secondary antibodies (anti-rat, anti-rabbit, Vector) and horseradish peroxidase-conjugated ultrastreptavidin-labeling reagent (Signet) were used. Peroxidase activity was developed using NovaRed solutions (Vector), followed by counterstaining with Mayer's hematoxylin. Cell proliferation was measured by counting cells positive for Ki-67 staining. Cross-sectional area of the intima and media of the femoral arteries were measured with National Institutes of Health Image software, and the ratio of intimal area to medial area (I/M ratio) was calculated. The specificity of the primary antibodies, eNOS and iNOS, has been tested on mouse brain extract and LPS/IFN-g-stimulated macrophage (RAW 264.7), respectively, with Western blotting. Both antibodies have been widely applied for the NOS research (3, 4, 6, 7, 10, 11, 21, 26, 32) .
Aortic superoxide production. Superoxide production was determined by a chemiluminescence method as previously described (16) . Freshly harvested aortas (18 h after last BH4 injection in mice supplied with BH4) were opened lengthwise, divided into multiple segments, and equilibrated in Krebs-HEPES buffer (composition in mmol/l: 99 NaCl, 4.7 KCL, 1.2 MgSO 4, 1 KH2PO4, 1.9 CaCl2, 25 NaHCO3, 11.1 glucose, and sodium HEPES 20) gased with 95% O2, 5% CO2 for 30 min at 37°C in the presence of indomethacin (10 -5 mol/l). Lucigenin-enhanced chemiluminescence was measured in 2 ml Krebs-HEPES buffer containing lucigenin (5 mol/l) by use of a Berthold FB12 single-tube luminometer, modified to maintain a sample temperature of 37°C. Chemiluminescence was measured continuously for 10 min after allowing dark adaptation and was expressed as cpm/mg vessel dry weight. The specificity of the chemiluminescence method was tested with superoxide dismutase (an antioxidant) and N G -nitro-L-arginine methyl ester (L-NAME) (an NOS inhibitor). Superoxide dismutase (400 U/L) significantly attenuated the production of superoxide from the aorta (from 1.1 Ϯ 0.2 ϫ 10 5 cpm to 0.2 Ϯ 0.02 ϫ 10 5 cpm). Seventy one percent of the aortic superoxide production was attenuated by L-NAME, which suggests that the majority of aortic superoxide produced originated by NOS.
Aortic NOS activity. Determination of NOS activity was carried out by using NOSdetect Assay Kit (Stratagene, La Jolla, CA). Briefly, protein was extracted from tissue with homogenization buffer (25 mM Tris ⅐ HCL, pH 7.4, 1 mM EDTA, 1 mM EGTA). o C for 30 min, the reaction was stopped by the addition of 400 l of stop buffer (50 mM HEPES, pH 5.5, 5 mM Fig. 1 . Expression of eNOS and iNOS after vascular injury. After vascular injury, femoral arteries were harvested at different time points (4, 7, 14, and 28 days). The strength of eNOS expression at media layer on day 4 was used as an arbitrary unit (ϭ1) to semiquantitate the expression of eNOS and iNOS at other time points. The expression pattern and strength of eNOS and iNOS were similar in either wild-type or hph-1 mice and were analyzed in each high power field (HPF) over the intima, media, and adventitia (analyzed vessel number ϭ 6 -8). Arrows indicate the eNOS expression on the endothelial cells in venous structure. Arrowheads indicate internal elastic laminae (magnification ϫ100).
EDTA). [
3 H]Citrulline was quantified after separation from [ 3 H]arginine by cation exchange columns.
Statistics. Data were analyzed by one-way ANOVA. When statistically significant effects were found, Tukey's test was performed to isolate the differences between the groups. Student's t-test and chisquare were used when appropriate. A P value of less than 0.05 was considered significant. All data in the text and figures are presented as means Ϯ SE.
RESULTS
Expression of eNOS and iNOS after femoral artery injury.
After vascular injury, endothelial cells on the vessel wall were denuded and femoral artery was dilated. Neointima started to develop ϳ7 days after vascular injury, with profound neointimal formation evident at 4 wk after vascular injury. In our model of femoral angioplasty, eNOS was the major NOS expressed on the injured vessel wall. Although the medial layer was the main site that expressed eNOS, the adventitia also expressed small amounts of eNOS. The peak expression of eNOS was observed on day 4 after vascular injury (Fig. 1) . Throughout the 28-day period after vascular injury, there was only a minimal expression of iNOS, which peaked day 14 postinjury.
Increased inflammation and cell proliferation in hph-1 mice: reversal with BH4. Sections were stained with Mac-3, an antibody directed against monocytes and macrophages, as a surrogate marker of inflammation after vascular injury. Additionally, Ki-67 staining was used as a marker to estimate cell proliferation. Four days after vascular injury, there was a significant increase of macrophage number within the adventitia, while at this time point, there was minimal macrophage accumulation in the media and no neointimal formation (Fig.  2) . On day 7 after vascular injury, macrophage number peaked in the adventitia accompanied with an increased flux of macrophages noted within the neointima. After this time point, macrophage number decreased in both the adventitia and neointima, although there was a substantial increase in neointimal formation. Macrophage accumulation was significantly enhanced after vascular injury in hph-1 mice in the intima on day 7 and adventitia on both day 4 and 7; a response that was blunted by BH4 treatment (P Ͻ 0.01, Fig. 2 ).
Cell proliferation peaked on day 4 in media and adventitia, and on day 7 in neointima. Femoral arteries from hph-1 mice depicted a marked fourfold increase in cell proliferation in the media and adventitia compared with wild-type controls (Fig. 3 , P Ͻ 0.01); this response was blunted by BH4 treatment of hph-1 mice (P Ͻ 0.01). Treatment of wild-type controls with BH4 neither altered macrophage accumulation nor cell proliferation.
Increased neointimal formation in hph-1 mice: reversal with BH4. In this study, mice were used at 11 wk of age. Since the guide wire was relatively smaller for the lumen size of the vessel, the degree of neointimal formation elicited in the control wild-type mice was modest (average I/M ratio was 0.7 in wild-type mice at 4 wk after injury). Nevertheless, I/M ratio Fig. 2 . Increased macrophage accumulation in tetrahydrobiopterin (BH4)-deficient mice after vascular injury: Animal preparation was mentioned as before. Macrophage accumulation was assessed in control and hph-1 mice treated with and without BH4 by immunostaining arterial sections with Mac-3 antibody (shown as brown). Compared to control, hph-1 mice exhibited increased macrophage accumulation in the neointima at day 7, and adventia at day 4 and 7; this was reversed with BH4 treatment. BH4 treatment did not affect macrophage accumulation in control wild-type mice (not shown). The number of Mac-3-stained cells was counted in each high power field (HPF) over the intima, media, and adventitia (analyzed vessel number ϭ 6 -8). Arrowheads indicate internal elastic laminae. *P Ͻ 0.05 different from control and hph-1ϩBH4 (magnification ϫ100).
in hph-1 mice was almost seven-fold higher than wild-type controls (4.5 Ϯ 0.5 vs. 0.7 Ϯ 0.1, P Ͻ 0.001, Fig. 4, A and B) , subjected to similar vascular injury. BH4 supplementation attenuated neointimal formation in hph-1 mice (1.4 Ϯ 0.1 vs. hph-1 untreated, P Ͻ 0.001, Fig. 4 , A and 4B). BH4 treatment had no effect on neointimal formation in wild-type control mice.
Uncoupling of NOS in hph-1 mice: Increased superoxide and decreased eNOS activity. Aortae from hph-1 mice exhibited functional uncoupling of NOS. As such, superoxide production in hph-1 mice aorta was significantly higher than wild-type controls (5.2 Ϯ 2.0 ϫ 10 5 cpm vs. 1.6 Ϯ 0.7 ϫ 10 5 cpm, P Ͻ 0.05, Fig. 4C ) and NOS activity was lower in hph-1 mice (2.8 Ϯ 0.3 vs. 4.5 Ϯ 0.4 pmol⅐min Ϫ1 ⅐mg protein Ϫ1 , P Ͻ 0.01) (Fig. 4D) . BH4 supplementation decreased superoxide production (0.8 Ϯ 0.7 ϫ 10 5 cpm vs. hph-1 5.2 Ϯ 2.0 ϫ 10 5 cpm, P Ͻ 0.05), and restored NOS activity in hph-1 mice (from 2.8 Ϯ 0.3 to 4.1 Ϯ 0.4 pmol⅐min Ϫ1 ⅐mg protein
Ϫ1
, P Ͻ 0.05), without an effect in wild-type controls.
DISCUSSION
This is the first demonstration that in vivo deficiency of BH4 exaggerates neointimal formation following vascular injury. The hph-1 mouse is a well-established model of BH4 deficiency, with 90% genetic deficiency of GTP-cyclohydrolase-1, the rate limiting enzyme in the synthesis of BH4 (1, 22) . After femoral artery injury, hph-1 mice exhibited a marked sevenfold increase in neointimal formation, which was attenuated by BH4 treatment. Hph-1 mice revealed an increase in superoxide content with decreases in NOS activity consistent with the hypothesis of NOS uncoupling; these biochemical parameters were restored after BH4 treatment. These data underscore the importance of BH4 as a cellular target for restenosis after vascular injury.
The healthy endothelium is a net producer of NO (15, 28) . NO is believed to act as a key regulator of vascular homeostasis and exerts an important braking effect on inflammation, atherosclerosis, and restenosis. In the endothelial cell, BH 4 is a critical cofactor for NOS activation, and hence, NO production is dependent upon the presence of adequate amounts of BH 4 (19) . BH 4 exerts this action through serving as an electron donor for the hydroxylation of L-arginine. Diminished levels of BH 4 , as observed in states of cardiovascular disease, lead to an uncoupling of NOS with diminished NO and exaggerated superoxide anion production. Although the role of BH4 treatment is still debated (14, 20) , the majority of studies have demonstrated the beneficial effects of BH 4 supplementation on vascular function in vitro and in vivo (17, 29 -31) and suggest that BH 4 is an emerging target for pharmacological manipulation in atherosclerosis. Given the importance of NO in the development of restenosis, we sought to determine whether in Fig. 3 . Increased cell proliferation in BH4-deficient mice after vascular injury: Animal preparation was mentioned as previously. Cell proliferation was assessed in control and hph-1 mice treated with and without BH4 by immunostaining arterial sections with Ki-67 (shown as brown). Compared to control, hph-1 mice exhibited increased cellular proliferation in the media and adventitia, which peaked at 4 days; this was reversed with BH4 treatment. BH4 treatment did not affect cell proliferation in control wild-type mice (not shown). The number of Ki-67-stained cells was counted in each HPF over the intima, media, and adventitia (analyzed vessel number ϭ 6 -8). Arrowheads indicate internal elastic laminae. *P Ͻ 0.05 different from control and hph-1 ϩ BH4 (magnification ϫ100).
vivo BH4 deficiency would promote neointimal formation after vascular injury.
In line with previous findings by Cosentino et al. (8) , our data support the notion that aorta from hph-1 mice exhibit an increased superoxide content and decreased NOS activity, suggesting in vivo uncoupling of NOS in these mice. eNOS was found to be the major form of NOS expressed on injured vessel walls. Even though endothelial cells were denuded by intraluminal injury, eNOS can be expressed by the residual cells in vessel medial layer, which most likely represent smooth muscle cells (2) . We believe that this upregulated expression of dysfunctional and uncoupled eNOS is the source of increased superoxide production after vascular injury in hph-1 deficient mice. Femoral artery angioplasty resulted in exaggerated macrophage infiltration and cell proliferation, and marked increase in intimal hyperplasia in hph-1 mice. Treatment with BH4 attenuated superoxide production restored NOS activity and prevented neointimal formation after vascular injury.
There are a few study limitations. First, superoxide and NOS activity could not be assessed in the injured artery; however, it was assessed in the thoracic aorta instead. This was done primarily for technical reasons, as the miniature quantities of femoral tissue would require that a number of animals be killed to obtain an adequate amount of pooled sample. Nevertheless, as shown above, eNOS was also expressed by stressed smooth muscle cells in media (2) . We believe that the information gauged from the aorta with respect to uncoupling of NOS can be applied to the systemic arterial circulation in these mice. Secondly, because the NADPH oxidase activity was not measured, increased aortic superoxide generation cannot be totally attributed to NOS uncoupling. Future studies should focus on this to clarify the underlying mechanisms. Finally, in this study, we did not measure blood pressure, which also plays a causal role in neointimal formation. However, previously, Cosentino et al. (8) had demonstrated elevated blood pressure in hph-1 mice, and Hong et al. (13) had found that BH4 supplementation significantly lowered blood pressure in spontaneous hypertensive rats.
In summary, in vivo BH4 deficiency promotes marked neointimal formation following vascular injury, which suggests that increasing BH4 bioavailability may represent a new target for interventions geared toward preventing the development of adverse vascular remodeling in states of chronic atherosclerosis and restenosis.
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